Abstract. Erythropoietin (EPO) is a glycoprotein hormone that is a primary regulator of erythropoiesis. In erythroid cells, EPO binds to its receptor (EPOR) to stimulate growth, prevent apoptosis, and promote differentiation. Both EPO and EPOR have been found in many normal and tumor nonerythroid cell types. EPO has been reported to stimulate proliferation and inhibit apoptosis of cancer cells. In this study, we found that EPOR is expressed in brain tumors, glioma cell lines and explants, as well as, normal brain. EPO slightly stimulated the growth of serum-starved glioma cells. Furthermore, EPO increased the phosphorylation of AKT through the PI3K pathway in the glioma cells. It also increased the phosphorylation of ERK, c-jun, JNK, as well as, the expression of BCL-2 and BCL-xl in these cells. These results suggest that the EPO-EPOR pathway may promote glioma cell survival and could become a therapeutic target in brain tumors.
Introduction
Erythropoietin (EPO), a glycoprotein hormone, is a primary regulator of erythropoiesis (1) . In erythroid cells, EPO binds to its receptor (EPOR) to activate multiple signaling pathways, stimulating growth, preventing apoptosis, and promoting differentiation in these cells (2, 3) . Although the classic role of EPO is the regulation of red blood cell production, both EPO and its receptor have been localized to several nonhematopoietic tissues including neurons (4), endothelial cells (5), megakaryocytes (6) , as well as, cancer cells of the breast (7), kidney (8) , head and neck (9) and endometrium (10) .
The diverse expression of EPOR and production of EPO suggest that the function of EPO-EPOR extends beyond erythropoiesis. A new role of this glycoprotein has recently been suggested in the brain: prevention of ischaemic-, hypoxicand toxic-induced death of neurons (11) . EPO also stimulated angiogenesis via EPOR in endothelial cells in vitro and in vivo (12) .
In other studies, EPOR was activated by EPO and stimulated the proliferation of human and murine renal adenocarcinoma cell lines (8) . Also, this cytokine stimulated both the tyrosine phosphorylation and proliferation of MCF-7 and BT549 breast cancer cells (7) . These findings suggested that administration of EPO to patients with either kidney or breast cancer has the potential to promote tumor growth. Two recent clinical trials reported that an adverse outcome was associated with adjunctive EPO therapy for patients with either metastatic breast cancer or head and neck cancer who were undergoing chemotherapy or radiotherapy, respectively. The progressionfree survival of these patients was worse than their placebotreated counterparts (13, 14) . Additionally, blockade of the EPO signal with either a monoclonal antibody against EPO or a soluble EPOR, inhibited the growth of human ovarian and uterine cancer xenografts in nude mice; this was associated with the death of the cancer cells and the surrounding capillary endothelial cells (15) .
In this study, we found that EPOR was expressed in glioblastoma multiforme (GBM) explants and cell lines, as well as normal brain cells. Also, we demonstrated that the downstream signaling pathway of EPOR was stimulated after addition of EPO to GBM cells.
Materials and methods
Patient samples and cell culture. All clinical samples were obtained at the time of surgery after the pathology specimens had been secured. Each sample was quick frozen in liquid nitrogen and stored at -70˚C until being processed. Primary GBM explants were established from patients with glioblastoma multiforme undergoing surgery. These tumor specimens were immediately transported to the laboratory, finely minced to single cell suspension and cultured in 100 cm 2 tissue culture plastic dishes containing complete medium [Ham's F-12/DME High Glucose medium (Irvine Scientific, Santa Ana, CA), 10% fetal calf serum (Gemini Bio-Products, Calabasas, CA), 10 U/ml penicillin-G, 10 mg/ml streptomycin (Gemini Bio-Products) and 2 mM glutamax-1 (Invitrogen, CA). Written informed consent for research use of tumor tissue was obtained from each patient prior to surgery, according to a protocol approved by the institutional ethics committee. GBM cell lines were maintained in Dulbecco's modified Eagle's medium (Gibco, BRL) with 10% fetal calf serum (Gemini Bio-Products), 10 U/ml penicillin-G, and 10 mg/ml streptomycin (Gemini Bio-Products). All cells were incubated at 37˚C in 5% CO 2 .
RNA isolation and reverse transcription PCR. mRNAs were isolated from 18 quick-frozen GBM samples and 6 normal brain samples using TRIzol reagent (Invitrogen) according to the manufacturer's instructions. RNA (2 μg) was reversetranscribed with random primers (Invitrogen) and Super- Figure 1 . Expression of EPOR in glioma cells and fresh tissues. A and B, Protein was extracted from glioma cell lines (U87, U118, U138, U343, U373, T98G) and glioma explants (DA66, JM94), and normal brain tissue (N); and fresh glioblastoma samples (T). Levels of protein expression of EPOR were detected by Western blotting. C, mRNA expression of EPOR was examined in GBM cell lines, explants, normal brain tissue and GBM tumor tissues by RT-PCR. K562 as positive control, H 2 O as blank control, and genomic DNA from 6 glioma cell lines were tested as primers specific reaction control and showed that the RT-PCR data were not a result of DNA contamination. Furthermore, PCR product was cut from the gel and sequenced confirming that the PCR product was EPOR (data not shown). D, mRNA was extracted from 6 normal brains and 18 GBM; EPOR mRNA was measured by real-time RT-PCR (solid lines show the median value of expression).
Script™ II reverse transcriptase (Invitrogen) in 20 μl reaction volume. The cDNA was used for real-time PCR.
Primers and probes. Primers of EPOR gene for real-time PCR were designed employing software PRIMER3 (http://wwwgenome.wi.mit.edu/cgibin/primer/primer3www.cgi) according to the nucleotide sequences of Genebank accession number M60459, EPOR-F, 5'-atcctgacgctctccctcat; EPOR-R, 5'-agc cacagctggaagttacc; probe 5'-ggtgctgctgaccgtgctcg. Real-time RT-PCR was performed in reaction buffer TaqMan Universal PCR Master Mix, 100 nM probe and 300 nM primers in a total volume of 25 μl. After a denaturation step of 10 min at 95˚C, two-step amplification conditions were 50 cycles of 15 sec at 95˚C, 60 sec at 60˚C. Amplification and product detection were performed with an iCycler iQ TM system (Bio-Rad, Hercules, CA). We used the ß-actin cDNA to normalize the expression data of EPOR. Primers and probe of ß-actin were: 5'-TCCCTGGAGAAGAGCTACGA (forward), 5'-AGGAAGGAAGGCTGGAAGAG (reverse), 5'-CAATG AGCGGTTCCGCTGCC (probe). All experiments were done in triplicate. The variance of threshold cycle value between the triplicates was <5%. The target gene amount was divided by the endogenous reference amount to obtain a normalized target value. The relative expression level of target gene was also normalized to a calibrator (mean value). We selected the mean value of normal brain samples as a calibrator. In the final results, the relative expression of each sample was shown as N-fold difference to the calibrator.
Western blot analysis. Cells were harvested for total cell lysates with RIPA buffer (1% Nonidet P-40, 0.5% sodium deoxycholate, 0.1% SDS, 50 mM Tris-HCl, pH 7.5) containing a protease inhibitor mixture (Roche Diagnostics GmbH, Mannheim, Germany), as well as, 1 mM NaF and 1 mM NaVO 4 . The lysates (30 μg) were denatured in the sample buffer and then subjected to 4-15% SDS-PAGE followed by electrotransfer to polyvinylidene difluoride membrane. Antip-AKT was from Cell Signaling Technology (Beverly, MA). Anti-EpoR antibody (M-20, sc-697; anti-mouse EpoR) and other antibodies were from Santa Cruz Biotechnology (Santa Cruz, CA).
Akt kinase assay. Akt kinase activity was analyzed by IP/kinase assay following the protocol provided by Cell Signaling Technology. Briefly, U87 cell extracts (200 μl) were incubated for 2 h with immobilized Akt 1G1 monoclonal antibody. After extensive washing, the kinase reaction was performed in the presence of 200 μM of cold ATP and GSK3ß substrate. Phosphorylation of GSK3ß was measured by Western blotting using phospho-GSK3ß antibody.
Statistical analysis. The Student's t-test was used to compare data from two groups.
Results
The expression of EPOR in GBM cell lines (U87, U118, U138, U343, U373, T98G) and GBM explants (DA66, JM94) (Fig. 1A) , as well as, fresh GBM and normal brain tissue (Fig. 1B) was examined by Western blotting. EPOR expression was detected in U87, U118, U343, T98G, JM94 and GBM samples T2 and T4. RT-PCR showed that the mRNA of EPOR was found in all of normal brain and GBM cells (Fig. 1C, top panel) and sequencing confirmed that the product of RT-PCR was EPOR (data not shown). The reverse PCR primer used in this experiment crossed two exons of EPOR, no product was detected when using genomic DNA as a template for PCR (Fig. 1C, bottom panel) . EPO levels were below the level of detection when condition medium from U87 and T98G GBM cells (1x10 6 cells cultured for 2 days in 10 ml medium) were examined by commercial ELISA (data not shown). The mRNA expression of EPOR was examined by real-time PCR in normal brain and brain tumor tissues. Levels of EPOR mRNA were about the same in both (Fig. 1D) .
The U87 and T98G GBM cells were trypsinized, washed 3 times and cultured in serum-free medium for 72 h with different concentration of EPO. We repeatedly found that the number of cells increased by 10-20% in the serum-free medium with addition of EPO as measured by MTT (p<0.05) (Fig. 2) . However, growth of these cells was not significantly different when they were cultured in either 1% or 10% serum containing culture medium plus the addition of EPO (0.1 U/ml to 100 μ/ml, data not shown). The effect of EPO on cell growth in serum-free conditions suggested that EPO could regulate signal transduction through its receptor (EPOR) in glioma cells. Using Western blotting, we found that EPO (1 U/ml, 15 min or 60 min) increased levels of phosphorylated AKT in T98G and U87 glioma cell lines, as well as, and JM94 glioma explants (Fig. 3A) . The EPO-stimulated activity of AKT was blocked by the PI3-K inhibitor LY90024 (Fig. 3B) . These results suggest that the EPO stimulated AKT in GBM cells occurred, Figure 3 . EPO stimulated AKT phosphorylation through PI3K in GBM. A, GBM cell lines (U87, T98G) and GBM explants (JM94) were treated with 2 U/ml EPO for 15 and 60 min. Phosphorylated AKT was detected by Western blotting GAPDH served as a loading control. B, Glioma cells (U87) were cultured with 2 U/ml EPO for either 15 or 60 min either with or without pre-treatment for 1 h with the PI3K inhibitor LY294002 (LY). Lysates of U87 cell were incubated for 2 h with immobilized Akt 1G1 monoclonal antibody. After extensive washing, the kinase reaction was performed in the presence of ATP and substrate (GSK3ß). Phosphorylation of GSK3ß was measured by Western blotting using phospho-GSK3ß antibody.
at least in part, through the PI3-K pathway. In addition, several proteins involved in other EPO signaling pathways were activated by EPO in the GBM cell lines and explants, including p-ERK, p-JNK, and p-c-Jun (Fig. 4) . Also, EPO increased expression of the anti-apoptotic BCL2 in U87 and T98G, and BCL-xl in T98G glioma cells (Fig. 4) .
Discussion
EPO and EPOR are expressed in the normal central nervous system (CNS) and probably have an important neuroprotective function (7, 16) . Increasing levels of EPO and EPOR expression have been reported in brain tissue during either hypoxia or ischemia (16) . One of the neuroprotective mechanism is the repression of apoptosis by EPO, either by maintenance of Bcl-2 and Bcl-xl expression (16) or by inactivation of caspases (2) . For example, EPO treatment of whisker-barrel neonatal rats increased STAT-5 and Bcl-2 levels in the brain cortex, markedly attenuated apoptotic cell death and reduced ischemic infarcts in the brain (17) . Also, circulating EPO can enter the CNS (18) . Ischemic stroke patients have been given intravenous injections of recombinant human erythropoietin (rHuEPO) within 5 h of onset of symptoms (19) . EPO crossed into the cerebrospinal fluid (CSF) and was at a 60-100-fold higher concentration than in the CSF of the control group. This clinical trial suggested that EPO-treated patients had greater and earlier improvements than the control patients, with smaller areas of damaged brain tissue (19) .
Recombinant EPO has been used frequently in cancer patients to prevent or treat anemia associated with cancer and cancer therapy. Several clinical trials evaluating the beneficial effects of EPO in cancer care have shown improved quality of life and survival in these individuals (20) . However, both the ability of EPO to stimulate physiologic and pathologic angiogenesis, and the expression of both EPO and EPOR in cancer cells and vascular endothelium suggest that the EPO-EPOR pathway might exert a direct effect on growth and anti-apoptosis of tumor cells and stimulate angiogenesis to the tumor cells (14, 21) .
During erythroid maturation, EPO regulates red cell numbers in part via inhibition of apoptosis by upregulation of the antiapoptotic protein Bcl-xl (22) . In this study, we found that EPO enhanced expressiuon of the antiapoptotic proteins, Bcl-2 and Bcl-xl, suggesting that stimulation of this pathway might contribute to survival of brain tumor cells.
The PI3K/Akt pathway contributed to EPO mediated antiapoptosis in injured ganglion cells (RGCs). Akt phosphorylation was increased by EPO treatment (23) . The EPOstimulation of growth of axons was blocked by an inhibitor of PI3K (LY294002) (23) . Also, EPO inhibited apoptosis in breast cancer cells via an Akt-dependent pathway (24) . Similarly, in our study, the PI3K/Akt pathway was stimulated by EPO. In addition, phosphorylation of extracellular signalregulated kinase (ERK) was increased by EPO in GBM explants and cell lines. A recent study showed that EPO activates the mitogen-activated protein kinase (MEK) and ERK protein, and promotes migration of MCF-7 breast cancer cells (23) . Taken together, EPO may affect the survival of both normal and cancerous brain cells. We also found that the EPO receptor when stimulated by EPO in brain cancer cells, resulted in their activation of secondary signaling pathways such as p-ERK, p-AKT, p-JNK and p-Jun. This study shows that GBM signaling pathway can be stimulated by EPO.
